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Edited by Varda RotterAbstract In the present study, we evidence how in breast cancer
cells low doses of Taxol for 18 h determined the upregulation of
p53 and p21 waf expression concomitantly with a decrease of the
anti-apoptotic Bcl-2. P53 and its gene product, the mdm2 pro-
tein, in treated cells exhibits a prevalent nuclear compartmental-
ization, thus potentiating p53 transactivatory properties. Indeed,
the most important finding of this study consists with the evi-
dence that Taxol at lower concentrations is able to produce the
activation of p21 promoter via p53. Prolonged exposure of
MCF-7 cells to Taxol (48 h) resulted in an increased co-associ-
ation between p21 and PCNA compared to control and this well
fits with the simultaneous block of cell cycle into the G2/M
phase.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Taxol is a chemotherapic drug specifically effective against
prostate, ovarian, breast and lung cancer. Its primary mecha-
nism of action is related to the ability to stabilize the microtu-
bules and to disrupt their dynamic equilibrium [1–6].
Treatment of cells with Taxol interferes with the normal
reorganization of the microtubule network, and inhibits the
formation of normal spindle at metaphase required for mitosis
and cell proliferation. These effects lead to an arrest of the cells
in the G2/M phase of the cell cycle and eventually to apoptotic
cell death [7–9].
The biological responses to Taxol may vary depending on
cell type and drug concentration.
An aspect extremely intriguing rises from the evidence
that low doses of Taxol in human lung cancer, though still*Corresponding authors. Fax: +39 0984 492911 (M.L. Panno),
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and its nuclear compartmentalization [10]. Indeed, the poly-
merization of microtubules with the extension of their minus
end, induced by Taxol, may facilitate the translocation of
p53, using dynein as carrier, from the cytosol into the nucleus
[10,11].
In this compartment, p53 stimulates the expression of pro-
teins involved in a wide network of signals that act through
two major apoptotic pathways: the extrinsic death receptor
signalling which triggers caspases activation and Bid cleavage,
and the intrinsic mitochondrial pathway, which shifts the bal-
ance in the Bcl-2 family towards the pro-apoptotic members,
enhancing mitochondrial permeabilization with consequent
release of cytochrome c and direct caspases activation [12].
These events have been previously reported in human neuro-
blastoma, ovarian and breast carcinoma cells that underwent
Taxol treatment [13–15].
Taxol-initiated apoptosis has been also associated with in-
crease of p21 waf/Cip protein, a key regulator of cell cycle
and DNA synthesis, which expression is regulated by p53-
dependent and/or independent mechanisms [16–19].
P21 binds to various cyclin–CDK complexes and inhibits
their activity, thus resulting in a block in cell cycle [20]. An
alternative mechanism through which p21 inhibits cell cycle
progression lays on its capability to recruit PCNA, then en-
abling this factor to interact with the DNA polymerase d
and e activities [21,22].
In the present study, we have explored if low doses of Taxol
‘‘per se’’ are able to enhance the transactivatory properties of
p53 producing the upregulation of p53-classically dependent
gene, such as p21 waf, involved in the regulation of cell apop-
tosis and in the progression of cell cycle.2. Materials and methods
2.1. Materials
DMEM/Ham’s F-12, L-glutamine, penicillin/streptomycin, calf ser-
um (CS), bovine serum albumin, aprotinin, leupeptin, phenylmethyl-
sulfonyl fluoride (PMSF), sodium orthovanadate and Taxol were
purchased from Sigma (Milan, Italy). FuGENE 6 was from Rocheblished by Elsevier B.V. All rights reserved.
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luciferase plasmid were provided by Promega (Madison, WI). [c32P]-
ATP and ECL system come from Amersham Biosciences.
The plasmid WWP-Luc containing human p21 waf promoter
(2.4 kb) was kindly given by Dr. Wafik El-Deiry (Howard Hughes
Medical Institute, Philadelphia); pCMV-wt p53 plasmid, pCMV-p53
plasmid mutant and pCMV empty vector were generously provided
by Dr. G. Daniel (Department of Health and Human Service, Natl.
Inst. Env. Health Sci., Res. Triangle Park, NC). Thin layer chromatog-
raphy (TLC) aluminium sheets were from MERK (Milan, Italy).
2.2. Cell lines and culture conditions
Human breast cancer MCF-7 cell line was cultured in DMEM/
Ham’s F12 (1:1) medium supplemented with 5% CS, 1% L-glutamine
and 1% penicillin/streptomycin. The cells were cultured in phenol-
red-free DMEM (PRF-SFM-DMEM) containing 0.5% bovine serum
albumin, 1% L-glutamine and 1% penicillin/streptomycin, 24 h before
each experiment. Next, the 70% confluent cells, synchronized in
PRF-SFM-DMEM (day 0) [23] were treated with different doses of
Taxol (2, 6, 12, 50, 100 nM) for 18 and 48 h.
2.3. Cell viability
The viability of the cells was assessed by morphological analysis
using trypan blue exclusion assay. Cells in the exponential growth
phase were plated and grown overnight; then, the medium was chan-
ged and shifted for 24 h with PRF-SFM-DMEM. At the end of this
incubation the cells were exposed for 18 and 48 h to different concen-
trations of Taxol, as reported in Fig. 1. Cells were trypsinized and incu-
bated in a 0.5% trypan blue solution for 10 min at room temperature
and viable numbers were determined microscopically by counting try-
pan blue negative cells in a counting chamber (Burker, Brand,
Germany).
2.4. Transfections and luciferase assay
MCF-7 cells were seeded (1 · 105 cells/well) in DMEM/F12 supple-
mented with 5% CS in 24-well plates. Cells were co-transfected with the
plasmid WWP-Luc containing human p21 waf promoter and pCMV-
empty vector or pCMV-p53 mutant plasmid or pCMV-wt p53
plasmid, in SFM using FuGENE6 according to the manufacture’s
instructions with a mixture containing 0.1 lg/well of each specific plas-
mid and 25 ng/well of TK Renilla luciferase plasmid. 24 h after the
transfection the medium was changed and the cells were treated in
PRF-SFM-DMEM in the presence of 2, 6 and 12 nM of Taxol for
18 h. The firefly and Renilla luciferase activities were measured by
using a dual luciferase kit. The firefly luciferase data for each sample
were normalized on the basis of the transfection efficiency measured
by Renilla luciferase activity.Fig. 1. Cell viability of MCF-7 cells after Taxol treatment. MCF-7
cells were plated in six-well plates at a density of 2 · 105 cells/well and
grown 24 h to be completely attached to the surface of the plates. The
day after, the medium was switched to serum-free medium for 24 h.
Next, the cells were added of different doses of Taxol ranging from
2 nM until 100 nM and incubated for 18 and 48 h. Values are the
average of four triplicate independent experiments, and are expressed
as percentage of the controls, determined by standardizing untreated
cells to 100%. *P < 0.05 **P < 0.01 as compared to untreated cells. The
S.D. was lower than 0.25%.2.5. Immunoprecipitation and Western blotting
MCF-7 cells were grown in 100 mm dishes to 70–80% confluence,
shifted to SFM for 24 h and lysed. Cytoplasmic protein lysates were
obtained with a buffer containing 50 mM HEPES, pH 7.5, 150 mM
NaCl, 1.5 mM MgCl2, 10 mM EGTA, pH 7.5, 10% glycerol, 1% Tri-
ton X-100 and protease inhibitors (2 lM Na3VO4, 1% PMSF, 20 lg/
ml aprotinin). Following the collection of cytoplasmic proteins, the nu-
clei were lysed with the buffer containing 20 mM KOH–HEPES, pH 8,
0.1 mM EDTA, 5 mM MgCl2, 0.5 M NaCl, 20% glycerol, 1% Np-40
and inhibitors (as above) [24].
The association of PCNA (Proliferating Cell Nuclear antigen) and
p21 waf/Cip and/or phospho p21 (Thr 145) proteins was assessed by
immunoprecipitation (IP) and Western blotting (WB) in 500 lg protein
lysates using appropriate antibodies (as specified in the figure legends),
while the association of dynein and p53 proteins was determined by
immunoprecipitating the nuclear fractions with anti-dynein antibody
and then blotting for anti-p53 antibody and anti-b-tubulin. In IPs, pro-
tein lysates were incubated in HNTG buffer (20 mM HEPES, pH 7.5,
150 mMNaCl, 0.1% Triton X-100, 10% glycerol and 0.2 mMNa3VO4)
at 4 C for 4 h with the primary antibodies, and then agarose beads
conjugated with Protein A/G Agarose (Sigma) were added for another
1 h. The immunoprecipitated proteins were washed three times with the
HNTG buffer and separated by SDS–PAGE (polyacrylamide gel
electrophoresis).
The expression of different proteins was tested by WB in 50 lg of
protein lysates or in 500 lg of immunoprecipitated cell proteins using
an anti-p21 WAF, anti-phospho-p21 waf (Thr 145), anti-PCNA, anti-
p53, anti-mdm2, anti b-actin, anti-p85, anti-Lamin B, anti-GAP-DH,
anti-b-tubulin and anti-dynein pAbs from Santa Cruz Biotechnology
(Heidelberg, Germany), anti-phospho-Akt (Ser 473), anti phospho
p-Bcl-2 (Ser 70), anti-pBcl-2 and anti-caspase-9 pAbs from Cell Signal-
ing Technology (Beverly, MA, USA).
Proteins were transferred to a nitrocellulose membrane, probed with
primary antibody and then stripped and reprobed with the appropriate
antibodies. The antigen–antibody complex was detected by incubation
of the membranes for 1 h at room temperature with a peroxidase-cou-
pled anti-IgG antibody and revealed using the ECL system. Blots were
then exposed to film and bands of interest were quantified by densi-
tometer (Mod 620 BioRad). The results obtained were expressed in
term of arbitrary densitometric units.
2.6. Immunofluorescent microscopy
50% confluent cultures, grown on coverslips, were shifted to SFM
for 24 h and then treated either for 18 or 48 h with 2, 6 or 50 nM of
Taxol. Cells were then fixed in 4% paraformaldehyde, permeabilized
with 0.2% Triton X-100, washed three times with PBS, and incubated
for 1 h with a mixture of primary Abs recognizing p53 and p21. The
anti-p53 monoclonal Ab (mAb) (Santa Cruz) at 2 mg/ml was used
for p53 staining; anti p21 polyclonal Ab (pAb) (Santa Cruz) at 2 mg/
ml was used to detect p21. Following the incubation with primary
Abs, the slides were washed three times with PBS, and incubated with
a mixture of two secondary Abs, each 1 mg/ml concentrated. A rhoda-
mine-conjugated donkey anti-mouse IgG (Calbiochem) was used as a
secondary Ab for p53 and a fluorescein-conjugated donkey anti-rabbit
IgG (Calbiochem) was used for p21. The cellular localization of p53
and p21 was studied with confocal microscope with 1000· magnifica-
tion. The optical sections were taken at the central plane.
2.7. FACS analysis
Serum-starved cells for 24 h were given Taxol for 18 and 48 h at the
doses reported in the figures. After this incubation cells were trypsinized,
washed with PBS and fixed for 1 h in ice-cold 70% ethanol. The samples
were then washed once with PBS and resuspended in 1 ml of staining
solution (10 mg/ml RNasi A, 10 mg/ml propidium iodide in PBS). The
samples were then incubated at room temperature in the dark for at least
30 min. FACS analysis was performed using CellFeet software (Becton
Dickinson, NJ). At least 2 · 104 cells/sample were measured.
2.8. PI-3 kinase activity
PI-3K activity associated with p85, was assessed by standard
protocol provided by the manufacturer of the p85 antibody (Upstate
Biotechnology). Briefly, p85 was IP from 500 lg of protein lysate with
an anti-p85 p-Ab, the negative control was performed using a cell lysate
where p110 catalyzing subunit of PI3K, was previously removed by pre-
Fig. 2. Effect of different doses of Taxol on cell cycle progression of MCF-7 breast cancer cells. Serum-starved MCF-7 cells for 24 h were incubated
for 18 and 48 h with the different concentrations of Taxol as shown in figure. Then the cells were collected and stained with propidium iodide (see
Section 2) to be analyzed by FACS. DNA histograms were measured using Cell Fit software and the percentage of G0/G1, S and G2/M cells were
calculated. Data are representative of four independent experiments.
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subsequently immunoprecipitated with Protein A/G-agarose. As a po-
sitive control, MCF-7 were treated with 100 nM insulin for 24 h before
lysis and immunoprecipitated with anti-p85 from 500 lg of cell lysates.
The immunoprecipitates were washed once with cold PBS, twice with
0.5 M LiCl, 0.1 M Tris (pH 7.4) and finally with 10 mM Tris,
100 mM NaCl, 1 mM EDTA. The presence of PI3K activity in immu-
noprecipitates was determined by incubating the beads with reaction
buffer containing 10 mM HEPES (pH 7.4), 10 mM MgCl2, 50 lM
ATP, 20 lCi [c32-P] ATP, and 10 lg of L-a-phosphatidylinositol-4,5-
bis phosphate (PI-4,5-P2) for 20 min at 37 C. The reactions werestopped by adding 100 ll of 1 M HCl. Phospholipids were extracted
with 200 ll of CHCl3/methanol. For extraction of lipids, 200 ll of chlo-
roform:methanol (1:1, v/v) were added to the samples and vortexed for
20 s. Phase separation was facilitated by centrifugation at 5000 rpm for
2 min in a tabletop centrifuge. The upper phase was removed, and the
lower chloroform phase was washed once more with clear upper phase.
The washed chloroform phase was dried under a stream of nitrogen gas
and redissolved in 30 ll of chloroform. The labelled products of the ki-
nase reaction, the PI phosphates, then were spotted onto trans-1,2-dia-
minocyclohexane–N,N,N 0,N 0-tetraacetic acid-treated silica gel 60 TLC
plates. Radioactive spots were visualized by autoradiography.
Fig. 3. Low doses of Taxol affect p53 expression and its target proteins p21 WAF and Bcl-2. (A) MCF-7 cells underwent Taxol treatment (from 2 to
100 nM) for 18 and 48 h were harvested and lysed to detect p53 protein expression in 50 lg of total cell lysates. The same filter was stripped and
reprobed with anti-p21 waf, anti-Bcl-2, anti caspase-9 and anti-b-actin antibodies. C: control; T: Taxol at different nM concentrations. b-Actin serves
as a loading control. Representative results are shown. (B) The histograms represent the mean ± S.D. of three separate experiments in which bands
intensity for p53, p21 and Bcl-2 were evaluated in term of arbitrary densitometric units. *P < 0.05; **P < 0.01 vs C.
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The ladder assay is based on the oligonucleosomal DNA fragmenta-
tion of nuclear DNA that can be visualized by ethidium bromide stain-
ing following electrophoresis. MCF-7 cells were plated in 100-mm
dishes (1 · 106 cells/dish); serum-starved cells were treated with Taxol
(2, 6, 50 and 100 nM) for 48 h.
At the end of the incubation period cells were trypsinized and com-
bined with floating cells in the same culture. DNA was isolated by lys-
ing the cells in 400 ll of 0.2% Triton-X, 20 mM EDTA, and 10 mM
Tris, pH 8.0, for 20 min on ice. The DNA fragments were harvested
by centrifugation for 20 min at 12000 rpm. After the addition of
400 ll of phenol–chloroform the supernatant was centrifuged at
12000 rpm for 5 min and then was precipitated with sodium acetate
(400 ll) and ethanol (800 ll) for 24 h at 20 C.
Afterwards the supernatant was centrifuged at 12000 rpm for
20 min, dried and incubated for 1 h at room temperature with a buf-
fer containing 500 lg/ml RNase A. The DNA fragments were re-
solved by electrophoresis at 75 V on 1% agarose gel impregnated
with ethidium bromide, detected by UV transillumination, and pho-
tographed.2.10. Statistical analysis
Each data point represents the mean ± S.D. of at least three exper-
iments. The data were analyzed by analysis of variance using the
STATPAC computer program.3. Results
3.1. Taxol decreases basal growth rate of MCF-7 cells in a dose/
time-related manner
High doses of Taxol (100 nM) since 18 h of treatment inhib-
ited MCF-7 cells proliferation. The same inhibitor effects were
produced by lower doses of Taxol starting from 12 nM after
48 h of incubation (Fig. 1). These results well correlates with
FACS analysis demonstrating a block of MCF-7 cell cycle into
the G2/M phase after 48 h of drug treatment at the doses rang-
ing from 12 to 100 nM (Fig. 2).
Fig. 4. Treatment of MCF-7 cells with Taxol induces DNA fragmen-
tation. DNA gel electrophoresis of Taxol-treated (T) (lanes 2–5) and
control (C) (lane 1) MCF-7 cells. DNA from MCF7 cell treated for
48 h with 2, 6, 50 and 100 nM of Taxol was extracted as detailed in
Section 2, then separated in 1.5% agarose gel electrophoresis. DNA
from a 48 h control (untreated) culture was prepared in the same way.
M, Marker.
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To investigate if Taxol ‘‘per se’’ might produce early changes
in cell apoptotic and/or survival signals, first of all we focusedFig. 5. Different subcellular compartmentalization of p53, mdm2 and p21 w
concentrations reported in the figure, were harvested and cytosolic (c) and n
mdm2, anti-p21 antibodies. C, control; T, Taxol-treated cells. The expressions
were assessed by stripping and reprobing the filters to verify the purity of frour attention on the effects of the drug on p53 and p21 waf
expression.
It is worth to mention that low doses of Taxol incubated for
18 and 48 h are able to enhance both p53 and p21 waf protein
expressions, while the anti-apoptotic Bcl-2, in its total content
and consequently in its phosphorylative status (phospho-Bcl
Ser70) resulted downregulated (Fig. 3 A and B). However, it
is note worthy to observe how the relative phospho-Bcl-2 levels
tend to be enhanced by Taxol treatment since the decrease of
Bcl-2 protein content occurs much faster than its phosphoryla-
tion. Indeed, the ratio of densitometric values of the bands be-
tween phospho-Bcl-2 /Bcl-2 protein varied from 0.6 in control
sample, to 1.2 in treated sample. Drug treatment triggers cell
apoptotic events only after 48 h, eliciting the cleavage of cas-
pase-9, which is detectable from Taxol 6 nM and persists at
the higher doses (Fig. 3A). This was also confirmed by agarose
DNA electrophoresis that demonstrates the formation of the
characteristic ladder of DNA at 6, 50 and 100 nM of Taxol
(48 h), while it is absent at lower concentration of the drug
as well as in the control sample (Fig. 4).
On the basis of the reported findings, even in the presence of
low doses of Taxol, p53 may potentiate its transactivatory
properties on the regulatory region of target gene through its
faster translocation into the nucleus. To prove this we studied
p53 nuclear/cytosolic compartmentalization in MCF-7 cells in
the presence of low and high doses of the drug incubated for
both 18 and 48 h.
3.3. Taxol induced P53 and P21 intracellular relocation
WB analysis performed, respectively, in the nuclear and
cytosolic cell lysates showed that p53 and its gene product,
the mdm2 protein, after 18 h of drug treatment, exhibit a pre-
valent nuclear compartmentalization, while p21 waf proteinaf in cells treated with Taxol. MCF-7 cells treated with Taxol, at the
uclear (n) protein lysates were subject to WB with an anti-p53, anti-
of a nuclear protein, Lamin B, and a cytoplasmatic enzyme, GAP-DH,
actions.
Fig. 6. P53 co-immunoprecipitates with dynein. MCF-7 cells treated
with Taxol (12, 25, 100 nM) for 48 h were harvested and nuclear (n)
protein lysates were subject to IP experiment by using an anti-dynein
antibody/protein A/G complex followed by WB with anti-b-tubulin
antibody; anti-p53 antibody; anti-dynein antibody. C+, 50 lg of
soluble cell protein; Cn, nuclear control.
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ment of MCF-7 cells for 48 h increases p53 levels in both nu-
clear and cytosolic compartments until 25 nM of cell exposure
to Taxol. At the same time, p21 waf protein tends to diffuse
from the cytosol into the nucleus (Fig. 5). P53 uses dynein to
translocate into the nucleus since it co-immunoprecipitates
with the microtubule-motor protein and with b-tubulin
(Fig. 6). In the end, we observed that the amount of protein
bound to dynein in the nuclear compartment is increased upon
Taxol treatment at 48 h.
The subcellular localization of both p53 and p21 proteins
was also investigated by confocal microscopy using immuno-
fluorescent staining of p53 (rhodamine-conjugated antibody,
red staining) and p21 (fluorescein-conjugated antibody, green
staining) proteins.
At 18 h of drug treatment, p53 tended to accumulate much
more into the nucleus (a very strong nuclear staining was ob-Fig. 7. Immunolocalization of p53 and p21 WAF in MCF-7 cells treated with Taxol. MCF-7 cells were treated with Taxol, at the indicated doses, for
18 and 48 h and subsequently fixed and stained with a rhodamine-conjugated donkey anti-mouse IgG as secondary Ab for p53 (red), or with a
fluorescein-conjugated donkey anti-rabbit IgG for p21 (green). Staining was analysed by confocal laser-scanning microscopy. Co-localization of p53
and p21 waf is visible as yellow staining generated where the color images merge. Images are optical sections at intervals of 0.3 lm along the z-axis
from the bottom of the cell to the top of the nucleus.
Fig. 8. Expression of p21-PCNA complex in MCF-7 cells treated with different doses of Taxol. MCF-7 cells treated with Taxol at the indicated
concentrations (nM) for both 18 and 48 h were lysed and immunoprecipitated in (A) with: an anti-p21 waf antibody/protein A/G complex followed
by WB with specific anti-PCNA antibody (upper panel), with anti-p21 (Thr 145) antibody (middle panel) and with anti-p21 antibody (lower panel); in
B with: an anti PCNA antibody/protein A/G complex followed by WB with specific anti-p21 antibody (upper panel), with anti-p21 (Thr 145)
antibody (middle panel) and with anti-PCNA antibody (lower panel). C, control; L, 50 lg of soluble cell protein not subjected to IP; PG, 0.5 mg of
soluble cell protein immunoprecipitated only with protein A/G-agarose beads; T, Taxol treated cells. Results are representative of three independent
experiments.
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and in 30% of cells treated with 50 nM Taxol) respect to con-
trol sample, where, instead, a quite uniform localization in
both nuclear and cytoplasmatic compartments is showed
(Fig. 7). At the same time, in untreated cells, p21 resulted to
be prevalently retained in the cytosol and following Taxol
treatment it tends to translocate in the nucleus.
For instance, at 48 h of incubation, while 5% of control
cells showed a strong nuclear co-localization of p53 and
p21, in cells treated with 2 and 6 nM of Taxol the percentage
increased to 15% and 50%, respectively. Nevertheless, it is
worth to mention that the detectable cell compartmentaliza-
tion of p53 and p21 waf proteins, in the presence of high con-
centrations of Taxol (50 nM), are in all likelihood not reliable
since morphological changes turning cell polygonal shape
into rounding ones occur and produces loss of adhesion
(Fig. 7).
The cytosolic retention of p21 waf at 18 h, probably makes it
unable to interact with nuclear proteins like PCNA and to in-
hibit cell cycle.
To determine if the level of co-association between p21 and
PCNA in MCF-7 treated cells may correlate with the inhibi-
tion of cell cycle progression we performed, at both 18 and
48 h, two sets of IP experiments by using whole-cell lysates
incubated:
(i) with anti-p21 waf antibody followed by immunoblotting
with an anti-PCNA antibody (Fig. 8A); and
(ii) with anti-PCNA antibody followed by immunoblotting
with an anti-p21 antibody (Fig. 8B).
As shown in Fig. 8A, PCNA protein was present in immu-
noprecipitates from MCF-7 cells treated for 48 h with 12, 25
and 100 nM of Taxol. The highest levels of co-IP of p21/
PCNA were concomitant with the alteration of cell cycle.
The same filters obtained at 18 and 48 h of drug treatment
were reprobed with an anti-phospho-p21 waf (Thr 145) anti-
body, that represents the phosphorylated formof the protein un-able to inhibit cell cycle. In accordance, the results demonstrated
that in untreated and treated MCF-7 cells the phospho-p21 waf
(Thr 145) is present at 18 h and it slightly decreases under Taxol
(Fig. 8A). On the other hand, Taxol treatment prolonged up to
48 h significantly reduced the level of phosphorylated p21 waf
protein compared with that obtained at 18 h. To asses that p21
is immunoprecipitated in all experimental conditions we re-
probed the same blots with an anti-p21 antibody.
In the reverse IP experiment (IP with anti-PCNA antibody
and blot with anti-p21 antibody) (Fig. 8B) the results confirm
that PCNA and p21 waf associated only following 48 h drug
treatment, while phospho-p21 (Thr 145) is not present in the
IPs both at 18 and 48 h. The same filters were then blotted
for anti-PCNA antibody to verify PCNA protein in immuno-
precipitates.
3.4. Evidence that low doses of taxol are able to potentiate
transactivatory properties of P53
53 nuclear compartmentalization, induced by low doses of
Taxol, leads us to assume that the treatment with the drug
per se may potentiate the functional transactivating properties
of this protein.
PTo support this assumption we treated MCF-7 transfected
with a p21 promoter conjugated with a luciferase reporter
gene. Our results show, for the first time, how low doses of
Taxol are able to induce the activation of p21 promoter
(Fig. 9). This activation was drastically potentiated by the ec-
topic overexpression of wild-type p53 and abrogated in the
presence of p53 mutant construct.
3.5. Effect of low doses of taxol on PI3K/Akt signal
When we evaluated the effect of the drug on the PI3K/Akt
pathway, which is crucial in maintaining cell survival signal,
we observed that Taxol (25 and 100 nM) for 18 h induced
an early activation of PI3K and consequently this leads to
an increase of phospho-Akt levels (Fig. 10A and B). Such
Fig. 9. Taxol induces p21 WAF promoter activity via p53. MCF-7
cells were co-transfected with the p21 waf promoter-luciferase
construct and pCMV empty vector (A), pCMV-p53 mutant (B) and
pCMV-p53 wild-type (C). After 8 h of transfection cells were treated
with low doses of Taxol (T): 2, 6 and 12 nM for 18 h. MCF-7 cells were
lysed and luciferase activities were measured using the dual luciferase
reporter assay system as described under Section 2. Each column/bar
represents the relative p21 waf promoter (luciferase) activity and is the
mean ± S.D. of three independent experiments in triplicate. Levels of
significance vs control (C): P < 0.05; P < 0.01.
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G2/M cell population, analyzed in flow cytometry, appears to
increase significantly together with a concomitant down regu-
lation of the anti-apoptotic signal: Bcl-2 protein, as previously
documented.4. Discussion
Taxol has been shown to be effective as an anticancer agent
in a variety of tumoral cell types [8,25–27].
As a result of cell exposure to Taxol, events characteristic to
cell cycle arrest and apoptosis might take place. These effects
seem to be linked to the different concentration of the drug
as well as to the tissues and/or cell line used.
In the present study we demonstrate how low doses of Taxol
have some apparent conflictory effects: an enhanced p53
expression involved in the regulation of programmed cell death
on one hand, and the activation of PI3 kinase involved in cell
survival on the other. The apparent contradictory effects have
been previously reported by other authors in the same breast
cancer cell type where the rapid enhancement of PI3K/Akt to-
gether with an increased of survivin expression, occurs only to
counteract the increased p53 expression [28]. Indeed, it is well
known how p53 might inhibit PI3K/Akt pathway by double
mechanisms: first through the PTEN activation, a specific
inhibitor of PI3K activity, as well as through an enhanced
Akt degradation via proteosoma [29,30]. However, the func-
tional effect of the enhanced PI3K/Akt signal, induced by low
doses of Taxol, seems to be vanished by the decrease of the
anti-apoptotic Bcl-2, which in such a way, fails to have any pro-
tective role in controlling mitochondrial permeability and then
to inhibit the release of cytochrome c. Indeed, in the same cir-
cumstance, low doses of Taxol (6 nM) incubated for 48 h in
MCF-7 cells are able to induce the cleavage of caspase-9 and
the formation of DNA ladder. These apoptotic events precede
the block of cell cycle, which occurs as from 12 nM of Taxol.
The reduced levels of Bcl-2, linked to the enhanced p53
expression under Taxol treatment, counteract the activation
of PI3K/Akt pathway. P53 protein, in turn, through its bind-
ing to the negative response cis-elements of the Bcl-2 gene pro-
moter may transcriptionally downregulate the expression of
the anti-apoptotic protein [31].
Here, we observed that in the presence of low doses of Tax-
ol, p53 co-immunoprecipitates with dynein, a microtubule-mo-
tor protein that requires ATP to move along microtubules with
their cargoes.
Our data, together with previous results, suggest that in such
circumstances p53 may use dynein to translocate into the nu-
cleus, an event which is potentiated by Taxol treatment
[10,11]. Besides, an other protein that comes down in a p53/dy-
nein complex is the b-tubulin prevalently present in treated
cells. Thus, the effect of the polymerizing agent on microtubule
assemblement, consistent with their end elongation, might
functionally contribute to p53 nuclear translocation where
the p53-transactivatory properties would appear enhanced.
The deep drop of Bcl-2 expression and the enhancement of
p21 waf protein may stem from this.
Indeed, the most important finding of the present study is
consistent with the evidence that Taxol, at lower concentra-
tions, is able to transactivate p21 promoter resulting in the
enhancing of p21 protein expression. This response is linked
to p53 wild-type expression in MCF-7 cells, since the presence
of a p53 mutant abrogates the transactivation of p21 promoter
under Taxol treatment. In the same vein, the nuclear localiza-
tion of p53 induced by low doses of Taxol after 18 h is fol-
lowed by the enhancement of its gene product: the mdm2
protein, which shows the same sub-cellular distribution re-
ported for p53.
Fig. 10. Transitory Taxol activation of PI3 kinase pathway. (A) MCF-7 cells treated with Taxol (at the indicated doses) for 18 and 48 h were lysed
and immunoprecipitated with an anti-p-85 antibody. The immunocomplexes were assayed for their ability to phosphorylate PI to PIP using [c32P]-
ATP at 37 C for 20 min. The PIP was resolved by TLC and autoradiographed. As a positive control (C+) MCF-7 cells were treated with 100 nM of
insulin for 24 h. The negative control (p110) was performed using MCF-7 lysate, where p110, the catalyzing subunit of PI3K, was previously removed
by preincubation with the respective antibody (1 h at room temperature) and subsequently immunoprecipitated with protein A/G-agarose. PI-3,4,5-
P3: phosphatidylinositol 3,4,5-triphosphate; PI-3,5-P2: phosphatidylinositol 3,5-diphosphate; PI-3-P: phosphatidylinositol 3-phosphate. An
additional negative control (C) is represented by MCF-7 cells previously treated with worthmanin for 30 min. Untreated cells: (C), Taxol-
treated cells: (T). The autoradiographs presented are representative of experiments that were performed at least three times with repetitive results. (B)
WB of phospho-Akt (Ser 473) levels fromMCF-7 cells treated with the indicated doses of Taxol (T) at 18 and 48 h of incubation. Total Akt levels are
showed as a loading control. Results are representative of three independent experiments.
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is not substantially modified, given that p21 waf result mostly
stored in the cytosol and this could prevent its binding with
nuclear factors such as PCNA [32–34]. Indeed, at the same
time, the enhanced activation of phospho-Akt, as here re-
ported, may serve to recruit p21 protein into the cytosol,
where it is unable to act as an inhibitor of CDKs and thereby
to inhibit cell cycle progression [16,33,34]. Results from this
study showed that prolonged treatment of MCF-7 cells with
Taxol up to 12 nM induced an evident co-association be-
tween p21 protein and PCNA which was concomitant with
the decay of the phosphorylative status of p21 waf (Thr
145) together with the arrest of cell cycle. These findings sup-
ported the evidence that when phospho-Akt is not activated
due to the prolonged treatment with Taxol, p21, mainly pres-
ent in the ipo-phosphorylated form, is able to co-immunopre-
cipitate with PCNA. The latter event well correlates with the
block of cell cycle into the G2/M phase that progressively in-
creases with the elapsing of time of the drug exposure as well
as with the dose of Taxol used.
In conclusion, in the present study we have demonstrated
how low doses of Taxol, without affecting cell cycle, may in-
duce the enhanced expression of p53 protein and its prevalent
nuclear translocation with well featured apoptotic events
occurring in breast cancer cells. This, furthermore, supports
the potential benefit of the association of low doses of Taxol
with the classic chemotherapic agents. The combined treat-
ment may potentiate the effect of low doses of chemotherapics
reducing thus the harmful systemic effects mostly occurring
during the treatment of breast carcinomas.
Acknowledgements: We thank Dr. Wafik El-Deiry (Howard Hughes
Medical Institute, Philadelphia) for kindly providing the plasmidWWP-Luc containing human p21 waf promoter and Dr. G. Daniel
(Department of Health and Human Service, Natl. Inst. Env. Health
Sci., Res. Triangle Park, NC) for his generous gift of the pCMV-wt
p53 plasmid, pCMV-p53 plasmid mutant and pCMV empty vector.
We thank Prof. D. Sturino for English revision of the manuscript.
Financial support: This work was supported by A.I.R.C., 2003.
References
[1] Horwitz, S.B. (1992) Mechanism of action of taxol. Trends
Pharmacol. Sci. 13, 131–136.
[2] Rao, S., Krauss, N.E., Heerding, J.M., Swindell, C.S., Ringell, L.,
Orr, G.A. and Horwitz, S.B. (1994) 30-(p-Azidobenzamido)taxol
photolabels the N-terminal 31 amino acids of beta-tubulin. J.
Biol. Chem. 269, 3131–3134.
[3] Rao, S., Orr, G.A., Chaudhary, A.G., Kingston, D.G.Y. and
Horwitz, S.B. (1995) Characterization of the taxol binding site on
the microtubule. 2-(m-Azidobenzoyl) taxol photolabels a peptide
(amino acids 217–231) of beta-tubulin. J. Biol. Chem. 270, 20235–
20238.
[4] Jordan, M.A. and Wilson, L. (1998) Microtubules and actin
filaments: dynamic targets for cancer chemotherapy. Curr. Opin.
Cell. Biol. 10, 123–130.
[5] Caplow, M., Shanks, J. and Ruhlen, R. (1994) How taxol
modulates microtubule disassembly. J. Biol. Chem. 38, 23399–
23402.
[6] Horwitz, S.B. (1994) Taxol (paclitaxel): mechanisms of action.
Ann. Oncol. 6, S3–S6.
[7] Woods, C.M., Zhu, J., McQueney, P.A., Bollag, D. and
Lazarides, E. (1995) Taxol-induced mitotic block triggers rapid
onset of a p53-independent apoptotic pathway. Mol. Med. 5,
506–526.
[8] Rowinsky, E.K. and Donehower, R.C. (1995) Paclitaxel (taxol).
N. Engl. J. Med. 15, 004–1014.
[9] Eastman, A. and Rigas, J.R. (1999) Modulation of apoptosis
signaling pathways and cell cycle regulation. Semin. Oncol. 26,
41–52.
[10] Giannakakou, P., Sackett, D.L., Ward, Y., Webster, K.R.,
Blagosklonny, M.W. and Fojo, T. (2000) p53 is associated with
2380 M.L. Panno et al. / FEBS Letters 580 (2006) 2371–2380cellular microtubules and is transported to the nucleus by dynein.
Nat. Cell Biol. 2, 709–717.
[11] Giannakakou, P., Nakano, M., Nicolaou, K.C., O’Brate, A., Yu,
J., Blagosklonny, M.W., Greber, U.F. and Fojo, T. (2002)
Enhanced microtubule-dependent trafficking and p53 nuclear
accumulation by suppression of microtubule dynamics. Proc.
Natl. Acad. Sci. 16, 10855–10860.
[12] Haupt, S., Berger, M., Goldberg, Z. and Haupt, Y. (2003)
Apoptosis-the p53 network. J. Cell Sci. 15, 4077–4085.
[13] Andre, N., Braguer, D., Brasseur, G., Goncalves, A., Lemesle-
Meunier, D., Guise, S., Jordan, M.A. and Briand, C. (2000)
Paclitaxel induces release of cytochrome c from mitochondria
isolated from human neuroblastoma cells. Cancer Res. 19, 5349–
5353.
[14] Ofir, R., Seidman, R., Rabinski, T., Krup, M., Yavelsky, V.,
Weinstein, Y. and Wolfson, M. (2002) Taxol-induced apoptosis in
human SKOV3 ovarian and MCF7 breast carcinoma cells is
caspase-3 and caspase-9 independent. Cell Death Differ. 9, 636–
642.
[15] Park, S.J., Wu, C.H., Gordon, J.D., Zhong, X., Emami, A. and
Safa, A.R. (2004) Taxol induces caspase-10 dependent apoptosis.
J. Biol. Chem. 49, 51057–51067.
[16] Heliez, C., Baricault, L., Barboule, N. and Valette, A. (2003)
Paclitaxel increases p21 synthesis and accumulation of its AKT-
phosphorylated form in the cytoplasm of cancer cells. Oncogene
22, 3260–3268.
[17] Harper, J.W., Adami, G.R., Wei, N., Keyomarsi, K. and
Elledge, S.J. (1993) The p21 Cdk-interacting protein Cip1 is a
potent inhibitor of G1 cyclin-dependent kinases. Cell 75, 805–
816.
[18] Michieli, P., Chedid, M., Lin, D., Pierce, J., Mercer, E. and Givol,
D. (1994) Induction of WAF1/CIP1 by a p53 independent
pathway. Cancer Res. 54, 3391–3395.
[19] Zeng, Y. and El-Deiry, W. (1996) Regulation of p21WAF1/CIP1
expression by p53-independent pathways. Oncogene 12, 1557–
1564.
[20] Sherr, C. and Roberts, J. (1999) CDK inhibitors: positive and
negative regulators of G1-phase progression. Genes Dev. 13,
1501–1512.
[21] Kelman, Z. and O’Donnell, M. (1995) Structural and functional
similarities of prokaryotic and eukaryotic DNA polymerase
sliding clamps. Nucleic Acids Res. 23, 3613–3620.
[22] Gulbis, J., Kelman, Z., Hurwitz, J., O’Donnell, M. and Kuriyan,
J. (1996) Structure of the C-terminal region of p2(WAF1/CIP1)
complexed with human PCNA. Cell 87, 297–306.[23] Ando`, S., Panno, M.L., Salerno, M., Sisci, D., Mauro, L.,
Lanzino, M. and Surmacz, E. (1998) Role of IRS-1 signaling in
insulin-induced modulation of estrogen receptors in breast cancer
cells. Biochem. Biophys. Res. Commun. 253, 315–319.
[24] Morelli, C., Garofalo, C., Bartucci, M. and Surmacz, E. (2003)
Estrogen receptor alpha regulates the degradation of insulin
receptor substrates 1 and 2 in breast cancer cells. Oncogene 22,
4007–4016.
[25] McGuire, W.P., Rowinsky, E.K., Rosenshein, E.K., Grumbine,
F.C., Ettinger, D.S., Armstrong, D.K. and Donehower, R.C.
(1989) Taxol: a unique antineoplastic agent with significant
activity in advanced ovarian epithelial neoplasms. Ann. Intern.
Med. 111, 273–279.
[26] Liebmann, J.E., Cook, J.A., Lipschultz, C., Teague, D., Fisher, J.
and Mitchell, J.B. (1993) Cytotoxic studies of paclitaxel (Taxol) in
human tumour cell lines. Br. J. Cancer 68, 1104–1109.
[27] Eisenhauer, E.A. and Vermorker, J.B. (1998) The taxoids.
Comparative clinical pharmacology and therapeutic potential.
Drugs 55, 5–30.
[28] Ling, X., Bernacki, R.J., Brattain, M.G. and Li, F. (2004)
Induction of survivin expression by taxol (paclitaxel) is an early
event, which is independent of taxol-mediated G2/M arrest. J.
Biol. Chem. 279, 15196–15203.
[29] Mayo, L.D., Dixon, J.E., Durden, D.L., Tonks, N.K. and
Donner, D.B. (2002) PTEN protects p53 from Mdm2 and
sensitizes cancer cells to chemotherapy. J. Biol. Chem. 277,
5484–5489.
[30] Gottlieb, T.M., Leal, J.F., Seger, R., Taya, Y. and Oren, M.
(2002) Cross-talk between Akt, p53 and Mdm2: possible impli-
cations for the regulation of apoptosis. Oncogene 218, 1299–1303.
[31] Miyashita, R., Krajewski, S., Krajewska, M., Wang, H.G., Lin,
H.K., Liebermann, D.A., Hoffman, B. and Reed, J.C. (1994)
Tumor suppressor p53 is a regulator of bcl-2 and bax gene
expression in vitro and in vivo. Oncogene 9, 1799–1805.
[32] Nicholson, K.M. and Anderson, N.G. (2002) The protein kinase
B/AKT signalling pathway in human malignancy. Cell. Signal. 14,
381–395.
[33] Li, Y., Dowbenco, D. and Lasky, L.A. (2001) AKT/PKB
phosphorylation of p21 Cip/WAF1 enhances protein stability of
p21 Cip/WAF1 and promotes cell survival. J. Biol. Chem. 277,
11352–11361.
[34] Rossig, L., Jadidi, A.S., Urbich, C., Badorff, C., Zeihr, A.M. and
Dimmeler, S. (2001) AKT-dependent phosphorylation of p21Cip1
regulates PCNA binding and proliferation of endothelial cells.
Mol. Cell. Biol. 21, 5644–5657.
